I. INTRODUCTION
The purpose of the work described in this paper is the deve1op~ ment of an ultrasonic measurement technique which provides a convenient way to detect dilute porosity conditions in materials and to extract certain properties of the flaw distribution which are important in failure prediction. Use has been made entirely of ultrasonic backscatter measurements; thus, the technique differs considerably from other investigations which lead to porosity determinations in that no reliance is placed upon either attenuation measurements or precise ultrasonic velocity measurements [1, 2] . The technique thus possesses a distinct advantage for practical implementation, i.e., it is a "one-sided" measurement which does not require ultrasonic echo returns from an opposite face of the sample in order to be useful. At present, the work is limited to dilute porosity concentrations. Reasons for this limitation will become clear in the paper. With additional effort it is expected that this limitation can be removed and the work extended to larger concentrations.
II. EXPERIMENTAL PROCEDURES A. Sample Preparation and Characterization
A glass was chosen as a model sample material for several reasons. Most importantly, the transparent nature of the glass makes possible the visual observation of the porosity, thereby providing an easy way to confirm results obtained from the ultrasonic measurements. Secondly, the glass is both amorphous and isotropic thereby reducing any difficulties in the development of the technique that may be associated with grain boundary scattering and anisotropic acoustic velocity effects. Finally, results obtained 867 may have a direct practical use since the glass selected is of potentia] interest for use in radioactive waste storage.
Two different casting techniques were investigated for use in the preparation of the ultrasonic samples. In the first of these, glass "frit" was melted in a crucible in air, and when molten, the glass was poured onto a flat plate. Ultrasonic samples were then cut and polished from the solidified "puddle". The second method involved placing the "frit" in a crucible in an RF induction heater, the glass then being cast "in situ" in the crucible. It was found that the latter method provided much better control over the porosity distributions obtained inasmuch as the cast glass could be easily held at various soak temperatures for various periods of time following solidification. Short soak times formed potosity distributions that showed larger numbers of smaller voids whereas longer soak periods favored the formation of distributions showing smaller numbers of larger voids. The latter method was selected as the better technique and was used for all samples studied in this work. Figure 1 shows a typical ultrasonic sample (#5543), 3/4" in diameter, that was prepared using the above described RF technique followed by surface grinding and polishing. Both the top and bottom surfaces of the sample are shown. The dark circles (1/4" diameter) that are shown on these surfaces are reference lines that were inked on the sample to provide a guideline for transducer placement. It is evident that the naturally-occurring pores which are included within the circle are largely approximately spherical in shape and that they show a considerable range in size variation.
Figures 2 and 3 are bar graphs which provide information on properties of the void distribution shown in Fig. 1 . In Fig. 2 , the number of voids within a given size range is plotted as a function of the void diameter. Similarly, Fig. 3 shows the spatial distribution of the voids along the sound path propagation axis z. In this distribution, no distinction is made as to the location of the void with respect to the off-axis coordinates (x,y) so long as the void is contained within the cylinder defined above. Thus, Fig. 3 shows the number of voids as a function of the propagation distance as if all voids in the distribution were located on the axis of the cylinder.
B. Ultrasonic Measurement Technique
As noted in the Introduction, the ultrasonic measurement technique developed in this work utilizes directly backscattered signals only, and does not rely upon the more conventional utilization of attenuation and precision velocity measurements. This feature is shown in Fig. 4 in which a conventional ultrasonic echo pattern is shown and in which the region of interest for this work is marked. These measurements were obtained at 15 MHz on the sample shown in Fig. 1 . The region of interest shows receipt of elastic waves backscattered by the separate voids to the transducer while the initial wavefront is still moving forward through the void distribution to the opposite sample face before returning. It will be noted that in this trace the desired signals are very small and that they have the appearance of noise on the ultrasonic A-scan trace. Main efforts to date have been concentrated upon the time span between the initial launch of the ultrasonic pulse and the first main echo from the opposite sample face. even though it is evident that the same porosity information must be contained in the time intervals between the first and second and third echoes as well. These intervals have been found to be much more difficult to analyze. however. since they include multi-bounce acoustic reverberations. This feature is evident in this figure by observing the increase in signal amplitude levels in the later intervals. The first interval. however. should not be influenced in any way by this effect and contains backscattered signals generated in the first-pass of the main ultrasonic pulse only.
In order to magnify the signals shown in the region of interest in Fig. 4 , a time averaged signal is shown in Fig. 5 in which the initial pulse and the first main backsurface echo are gated out. This particular trace has been averaged 256 times using a Tektronix Digital Processing Oscilloscope with the result that random noise on the trace has been substantially removed and that a significant signal/noise ratio in the resultant has been achieved. It should be remarked that, in order to achieve reproducibility in this trace, it was essential that the transducer be carefully placed in the same position each time the measurement was made. This requirement was found to be satisfied by carefully adhering to the "inked" circles shown in Fig. 1 .
In order to place the data in a format suitable for interpretation, the results shown in Fig. 5 were first Fourier transformed into an amplitude-frequency description, and were then deconvolved with the transducer response function. The latter was obtained as a frequency analysis of a back-surface reflected pulse. It is to be noted that the use of the backsurface echo is not essential. The transducer response could have been obtained either from a calibration sample or from the front surface echo from the glass. The result of the deconvolution is shown in Fig. 6 in which the magnitudes of the backscattered amplitudes are shown as a function of frequency. A principal feature to be noted in this result is that there are at least two components -a slowly varying component modulated by a much more rapidly varying component. These form the basis of the interpretation given below. A wideband transducer with a 15 MHz center frequency was used.
III. INTERPRETATION OF RESULTS

A. Direct Backscatter
The backscattered displacement amplitude can be described in terms of elastic wave sc"attering theory. The maj or approximation made is to assume that the void concentration is sufficiently dilute (cf. Table I) so that there is no multiple scattering between different flaws. The total backscattering can then be given as
o-l Fig. 7 . Shows experimental geometry in a schematic manner.
(1)
Here a(R.,k,z,-z) is the backscatter from a single void while R. and z. dJnote, respectively, the radius and the distance in the] samp1J from its surface to the jth void. Figure 7 is a schematic representation which depicts the experimental arrangement. As shown, D is the spatial extent of the porous region along the z-axis and N gives the total number of pores.
The backscattered signal in Eq. (1) can be evaluated using the exact series solution of Ying and Truell [3] for spherical voids to determine a(R.,k,z,-z). However, for ease of computation and analysis the Born apprJximation [4, 5] In Fig. 8 is shown a comparison of the theoretical backscattered spectrum predicted by this simple model (left) and experiment (right). The theoretical results were compiled using Eqs. (1) and (2) and the actual coordinates and sizes of the individual voids that formed the data base for the distribution functions shown in Figs. 2 and 3 . The experimental results were obtained on the same sample used throughout this paper. They represent the Fourier transform of the "raw" data before the deconvolution process (cf. Figs. 5 and 6 ). It is evident that the two plots compare favorably. even as to detail, and that the interpretation as given in Eqs. (1) and (2) is adequate for the concentration of voids used in this work.
B. Extraction of Properties of Void Distribution
There are several properties that are needed to characterize a void distribution which are of importance in the failure prediction of materials that should be obtainable from a quantitative NDE technique. These include the average void size R , the spatial extent of the voids region D, the average void se~aration d. and the volume fraction of material contained in the void distribution. It is the purpose of this section to show that these properties can be obtained from the experimental results. at least under the dilute concentration limits imposed upon this work; a detailed comparison of values obtained from the ultrasonic measurements with visually determined results is given in Table I at the end of this section. The first three of the listed properties can be obtained by analysis of the results from which the volume fraction of voids can then be computed. Additional properties (such as the parameters which describe the void distribution curve) are also highly desirable, but have not as yet been extracted from the results. slowly varying component and a rapidly oscillating component. This observation is the starting point for a decomposition of results from which both the average void size and the spatial domain of the distribution can be obtained. In developing the analysis, certain assumptions have necessarily been made in the interest of physical simplicity which may not be generally appropriate to all void distributions; these assumptions will be discussed as they arise.
In order to begin the analysis, it is assumed that the void distribution is symmetrically peaked about an average void radius R ; more specifically, it is assumed that o/R <1 and ko<l in which oOis the halfwidth of the void distribution aRd k is the wave number. (For the sample shown in Figs. 1,2, and 3 , o/R ~.3; this value, however, will vary from sample to sample and is,°in fact, an additional property describing the distribution that would be important to obtain from the results). Averaging Eq. (1) e J k, o j=l k=l (4) Thus, the assumption that the void distribution is peaked about an average radius R permits the backscattering formulation to be separated into aOproduct of two terms, one of which varies slowly with k and one which oscillates rapidly with k. The last term in Eq. (4) is an acoustic structure factor and is analogous to the usual structure factor used in x-ray analyses. It depends completely upon the phase differences that result from the positions of the individual scattering centers that make up the distribution. On the other hand, the slowly varying component arises from the scattering from each separate flaw. This separation into two terms is in agreement with the experimental results shown in Fig. 6 .
In order to extract the slowly varying component explicitly, the high frequency component can be filtered from the results. This is done by averaging over an interval ~k about k so that This term is the backscatter to be expected from a sphere of radius R • o Figure 9 shows the results of a treatment of the data following the procedure outlined above. The high frequency components have been filtered leaving only the low frequency component. The resulting scattering amplitude versus frequency compares favorably to that expected from a sphere. The exact backscattered amplitudes for a sphere is given in Ref. 6 , where it is shown that the first maximum is expected approximately at kR ~l, and the second at kR ~2. The value of R can therefore be ea~ily determined.
o
An estimation of the size of the porous domain can also be extracted from the above analysis utilizing the rapidly oscillating term. As noted earlier, this is an interference term which may be regarded as related to an acoustic structure factor and is given by Eq. (4). Assuming further that N is very large, the sums can be replaced by integrals extending from -D/2 to +0/2 where D is defined as the spatial domain of the distribution and is shown schematically in Fig. 6 . Then Eq. (4) It should be emphasized that Eq. (9) is only valid if N is very large. Since N~40 in this case, Eq. (9) cannot be expected to yield highly accurate results. Possibly a more accurate measurement of the spatial domain D for small values of N can be achieved from accurate timing measurements of the time duration of the region of intent shown in Fig. 4, i. e., the time of flight of the acoustic signal through the porous domain. This technique has not been discussed in this paper for it is felt that it is obvious and does not lead to an understanding of the results shown in Fig. 6 .
B.2. Separation between voids and volume fraction of voids
Without going into detail, it is evident that the separation between two voids projected upon the sound propagation axis can be determined from the time separation between the maxima shown in Fig. 5 . This determination is best made by Fourier transforming the deconvolved amplitude spectrum back into time from the frequency representation. The projected separation d between voids is then given simply by
where d. and d k are as shown in Fig. 7 , t. and tk are measured times and v i~ the speed of sound in the material.
It is straightforward to estimate the volume fraction of voids once the parameters described in Sections B.l and B.2 above have been obtained if the voids are assumed to be equally distributed over the transducer area.
B.3. Comparison of ultrasonically and visually determined
values.
/
In Table I are summarized the values of the above discussed properties which were determined from application of the analyses of the ultrasonic results and those values which were determined from visual observations. The property is listed in the left hand column, the ultrasonically derived value is given in the center column, and values obtained from optical measurements of the sample are given in the right hand column. In all cases, the agreement is considered satisfactory and within the bounds of error assessments. A few comments are in order concerning specific entries, however. As noted earlier, the ultrasonic determination of D is limited in accuracy because of the small number of voids in the distribution. Further, the value obtained is probably limited by the digital resolution of the apparatus used to digitize the ultrasonic waveform and thereby yields a lower bound to the value of D. The optically measured value of the pore separation is also somewhat difficult to determine since the value of interest is the separation between voids projected onto the propagation axis z. The optical techniques available to make this determination were not completely satisfactory in that accurate coordinate measurement was hindered by optical refractions due to striations in the glass. As noted above, however, it is felt that the agreement shown is satisfactory. 
IV. CONCLUSIONS
The ultrasonic technique that has been developed and described in this paper provides a convenient way to determine certain characteristics of a distribution of voids (porosity) in materials. Since the technique is "one-sided", i.e., it does not depend upon the reflection of back-surface echoes in order to obtain the results, it would appear to have potential practical value in difficult inspection geometries. Because a model material has been used for this work which shows no ultrasonic scattering due to grain boundaries, the applicability of the technique to other materials is as yet untested. Presumably, such effects can be accounted for so long as the grain size is reasonably uniform. It is expected that less concentrated void distributions can be characterized by this method. The upper limit of validity is determined by the void density at which multiple scattering events must be taken into account. This is a considerably more difficult problem which has yet to be solved.
